The smallest members of the sunlit-ocean microbiome (prokaryotes and 47 picoeukaryotes) participate in a plethora of ecosystem functions with planetary-scale 48 effects. Understanding the processes determining the spatial turnover of this assemblage 49 can help us better comprehend the links between microbiome species composition and 50 ecosystem function. Ecological theory predicts that selection, dispersal and drift are 51 main drivers of species distributions, yet, the relative quantitative importance of these 52 ecological processes in structuring the surface-ocean microbiome is barely known. Here 53 we quantified the role of selection, dispersal and drift in structuring surface-ocean 54 prokaryotic and picoeukaryotic assemblages by using community DNA-sequence data 55 collected during the global Malaspina expedition. We found that dispersal limitation 56 was the dominant process structuring picoeukaryotic communities, while a balanced 57 combination of dispersal limitation, selection and drift shaped prokaryotic counterparts. 58
INTRODUCTION 83
The surface ocean microbiome is a pivotal underpinning of global 84 biogeochemical cycles, thus being crucial for the functioning of the biosphere (1-4). 85
The smallest ocean microbes, the picoplankton, have a key role in the global carbon 86 cycle (4), being responsible for an important fraction of the total atmospheric carbon 87 and nitrogen fixation in the ocean (5-7), which supports ~46% of the global primary 88 productivity (8). Oceanic picoplankton plays a fundamental role in processing organic 89 matter by recycling nutrients and carbon to support additional production as well as by 90 channelling organic carbon to upper trophic levels through food webs (4, 5, 9) . 91
The ocean picoplankton includes prokaryotes (both bacteria and archaea) and 92 tiny unicellular eukaryotes (hereafter picoeukaryotes), which feature fundamental 93 differences in terms of cellular structure, feeding habits, metabolic diversity, growth 94 rates and behaviour (10, 11). Even though marine picoeukaryotes and prokaryotes are 95 usually investigated separately, they are intimately connected through biogeochemical 96 and food web networks (12) (13) (14) . Overall, given the large effects picoeukaryotes can 97 have on the populations of prokaryotes (and vice versa), it is highly relevant to 98 determine whether or not their communities are structured by the action of similar 99 ecological processes. 100
Ecological theory explains the structure of communities by a combination of 101 four processes: selection, dispersal, ecological drift and speciation (15-17). Selection 102 involves deterministic reproductive differences among individuals from different or the 103 same species as a response to biotic or abiotic conditions. Selection can act in two 104 opposite directions, it can constrain (homogeneous selection) or promote 105 (heterogeneous selection) the divergence of communities (18). Dispersal, the movement 106 of organisms across space, affects microbial assemblages by incorporating individuals 107 independent data from the global surface-ocean collected during the TARA Oceans 206 expedition (36), as both the Malaspina and TARA Oceans datasets displayed stronger 207 positive correlations between TINAw and water-temperature differences in prokaryotes 208 than in picoeukaryotes [ Fig. 3 ]. This indicates that locations with similar temperatures 209 feature co-occurring prokaryotic species, with this pattern disappearing as the 210 temperature difference between stations increases. 211
Further analyses, exploring 17 environmental variables from 57 stations 212 ( Supplementary Information, Fig. S4 ), showed that fluorescence (a proxy for 213
Chlorophyll a concentration) explained 31% of PINAw-based prokaryotic community 214 variance (PERMANOVA R 2 ), while it was not significant for picoeukaryotes ( Fig. S5 ; 215
PINAw is a phylogeny-based ß-diversity index, See Methods). The remaining 216 combinations of environmental variables and ß-diversity metrics explained a minor 217 fraction of community variance, suggesting that abiotic selection, at the whole 218 microbiome level, operates via a very limited set of environmental variables, largely 219 temperature. 220
The finding that selection via temperature influences species associations 221 particularly in prokaryotes suggests that prokaryotes and picoeukaryotes may show 222 different patterns of species co-occurrences and co-exclusions in association networks 223 (37). We found that prokaryotes were more associated between themselves than 224 picoeukaryotes in networks considering co-occurrences and co-exclusions as well as in 225 networks including only co-occurrences (Fig. S6) . Specifically, in networks including 226 both co-occurrences and co-exclusions, prokaryotes featured ~33% of connected 227 species (i.e. prokaryotic species with at least one association to another prokaryotic 228 species) and an average number of associations per species (i.e. average degree) of ~14, 229 while picoeukaryotes displayed ~17% of connected species and an average degree of ~8 230 selection on the surface ocean microbiome operates via a limited set of environmental 256 variables, with a dominant role for temperature. Prokaryotes featured proportionally 257 more individual-species associations with environmental parameters than 258 picoeukaryotes (Fig. S7) , thus pointing to a stronger abiotic selection pressure on 259 prokaryotes than on picoeukaryotes in the surface global ocean. Our results were further 260 validated by analyses using data from the global TARA Oceans cruise, which indicated 261 that prokaryotic species were associated predominantly with temperature and oxygen, 262 while small unicellular eukaryotes had limited associations to multiple variables 263 (Temperature, Salinity, Oxygen, Nitrate & Chlorophyll; Table S6 ). 264
265

Dispersal limitation 266
Our quantifications indicated that dispersal limitation was almost twice as 267 important in structuring picoeukaryotic than prokaryotic communities (Fig. 1) . 268
Environmental conditions between pairs of adjacent stations over the trajectory of the 269 cruise, typically separated by 250-500 km, are generally comparable (i.e. selective 270 differences between stations tend to be low in the tropical and subtropical ocean). 271 Therefore, compositional differences between neighbouring communities could 272 manifest dispersal limitation. Following these premises, we analysed the change in 273 picoeukaryotic and prokaryotic community composition along the trajectory of the 274 cruise by comparing each community to the one sampled immediately before in a 275 sequential manner (i.e. sequential b-diversity) [ Fig. 4 ]. Both picoeukaryotic and 276 prokaryotic communities displayed variable amounts of sequential b-diversity ( Fig. 4 , 277 Panels A and B), although picoeukaryotes featured, on average, a higher sequential b-278 diversity than prokaryotes (Fig. 4, Panel C) . This is concordant with the overall mean 279 b-diversity, which was significantly higher for picoeukaryotes than for prokaryotes 280 ( Fig. S8) . 281 282
Simultaneous action of selection and dispersal limitation 283
When geographic distance is correlated with environmental variation, spatial 284 community variance may be the manifestation of both selection and dispersal limitation. 285
We analysed community variance associated to different marine biogeographic 286 provinces, as defined by Longhurst (39) based on nutrient concentration, structure of the 287 water column, wind regimes, satellite-derived primary production and composition of 288 abundant phytoplankton species. After removing the effects of the most important 289 environmental variables that were correlated with these geographic regions and that 290 likely exert selection (e.g. temperature), we found that differences among Longhurst 291 provinces still accounted for ~20% of picoeukaryotic community variance when using composition associated to these provinces most likely represent dispersal limitation, 296 even though abiotic or biotic selection exerted by unmeasured variables cannot be ruled 297 out. ß-diversity in picoeukaryotes and prokaryotes displayed positive correlations with 298 distance (i.e. distance decay) predominantly within 1,000 km ( Fig. 5) , although 299 correlations were weaker in prokaryotes than in picoeukaryotes, being consistent with a 300 higher dispersal limitation in picoeukaryotes than in prokaryotes (Fig. 1) . 301
Selection and dispersal limitation may operate more strongly in geographic areas 302 considered ecological boundaries, for example, due to strong physicochemical change 303 in the seawater, leading to abrupt changes in microbiome composition. We identified a 304 total of 14 communities where sequential b-diversity displayed abrupt changes, with 11 305 of them coinciding for both picoeukaryotes and prokaryotes [ Fig. 4 
, Panels A & B]. 306
The Local Contribution to Beta Diversity (LCBD) index (40) (Fig. 4 
, Panel D) 307
indicated that ~22% of both picoeukaryotic and prokaryotic communities (26 stations 308 each, totaling 36 stations) contributed the most to the b-diversity, with 16 communities 309 coinciding for both prokaryotes and picoeukaryotes (p<0.05; Fig. 4 , Panel D, Table  310 S7). In addition, 8 of the 36 stations featuring a significant LCBD were also identified 311 as zones of abrupt community change in sequential Bray Curtis analyses (Table S7) . Our assessment of the tropical and sub-tropical sunlit fraction of the global-319 ocean microbiome during the Malaspina 2010 Circumnavigation Expedition indicated 320 that dispersal limitation is the dominant process structuring picoeukaryotic 321 communities, while selection, dispersal and drift have a balanced importance in 322 structuring prokaryotic communities. These results summarise the general action of 323 ecological processes at the microbiome level and cannot be extended to every single 324 species or group; for example, some picoeukaryotes display cosmopolitan distributions 325 (41). Our results also reflect the action of ecological processes in the tropical and 326 subtropical sunlit ocean. Therefore, considering other zones, such as the polar oceans, 327 could modify the relative importance of these processes. To determine the action of 328 selection, we used the principle indicating that phylogenetically closely related taxa 329 tend to be ecologically similar (and vice versa). This principle was supported by data 330 from prokaryotes and unicellular eukaryotes (42-45). Yet, there can be exceptions (46), 331 and failure to detect selection could inflate the estimates of dispersal limitation in our 332 methodology. We consider that dispersal limitation in picoeukaryotes was not inflated 333 in our analyses, as picoeukaryotes generally displayed more limited spatial distributions 334 than prokaryotes and a higher sequential b-diversity. Drift was pragmatically analysed 335 as the compositional variation between communities that does not differ from random 336 community assembly, thus representing neutral metacommunity dynamics (20, 22, 44) . 337
Hence, our quantifications of drift do not reflect the impact of random demography in 338 single communities. Lastly, our estimates of the importance of ecological mechanisms 339 consider taxa with high or moderate abundances, which typically carry biogeographic 340 information (47), thus, our results do not reflect the processes shaping the rare biosphere 341
Selection, which is known to have an important role in structuring prokaryotic 343 communities (23, 24), explained a higher proportion of community turnover in 344 prokaryotes (~34% of the turnover) than in picoeukaryotes (~17% of the turnover). This 345 modest role of selection in structuring the tropical and subtropical sunlit-ocean 346 microbiome is consistent with the weak environmental gradients characterizing this 347 habitat. In other habitats featuring a high selective pressure, such as Antarctic 348
waterbodies that display a strong salinity gradient, the role of selection in structuring 349 bacteria has been reported to be much higher, accounting for up to ~70% of the 350 community turnover (49). The measured relative importance of selection is also a 351 consequence of the global scale of our survey. For example, in comparatively small 352 marine areas, where dispersal limitation is expected to be low (19), the relative 353 importance of selection could increase. In surface waters of the East China Sea it was 354 found that selection was ~40% more important than dispersal limitation in structuring 355 bacterial communities (50), while in our study, selection and dispersal limitation had a 356 similar importance in structuring prokaryotes. The same study (50) also found that 357 selection was ~40 times more important than dispersal limitation in structuring 358 communities of microbial eukaryotes. In contrast, our global assessment yields dispersal 359 limitation to be ~5 times larger than selection in structuring picoeukaryotic 360
communities. 361
Heterogeneous selection was more important in structuring picoeukaryotic 362 (~16%) than prokaryotic communities (~9%), while homogeneous selection was more 363 important in prokaryotic (~24%) than in picoeukaryotic communities (~1%). 364
Homogeneous environmental conditions should lead to homogeneous selection, 365 constraining community divergence, while heterogeneous environmental conditions 366 should promote community divergence (18). Our results suggest that prokaryotes and 367 picoeukaryotes in the same marine habitats respond differently to the same 368 environmental conditions. Thus, selection would be preventing community divergence 369 in prokaryotes while promoting it in picoeukaryotes. The fundamental cellular 370 differences between prokaryotes and picoeukaryotes (10, 11) may determine such 371 different responses to the same environmental heterogeneity. For example, comparable 372 environmental heterogeneity could select for a few species featuring wide 373 environmental tolerance or several species, which are adapted to narrow environmental 374 conditions. 375
Previous studies indicate that temperature is one of the most important variables 376 exerting selection on ocean prokaryotes (51-59). Earlier work (51) reported strong 377 correlations between prokaryotic ocean-microbiome composition and temperature, and 378 weak correlations with nutrients, consistent with our results. Less is known about the 379 effects of temperature on the community structuring of ocean picoeukaryotes, which 380 according to our results are minor. Yet, it is known that temperature affects the 381 distributions of MAST-4, a lineage of ubiquitous marine heterotrophic flagellates (41), 382
suggesting that the effects of temperature on small eukaryotes could be group specific. 383
Interestingly, our results suggest that selection, operating via temperature, affects 384 prokaryotic taxa co-occurrences, having limited effects on picoeukaryotic co-385 occurences. In prokaryotes, the b-diversity associated to temperature explained by 386 TINAw (~50%) was substantially higher than Bray Curtis (~15%), reflecting the 387 importance of considering co-occurrences, as in TINAw, to understand community 388 structure. These results suggest that temperature-driven selection determines the species 389 that can grow in different locations, yet in each site, species relative abundances and 390 presence-absence may vary due to local stochasticity (60, 61). 391
To what extent dispersal limitation affects the distribution of microbes is a 392 matter of debate (62-65). In surface open-ocean waters, prokaryotes typically display 393 abundances of 10 6 cells/mL, while picoeukaryotes normally have abundances of 10 3 394 cells/mL (66). Due to random dispersal alone, the more abundant prokaryotes are 395 expected to be distributed more thoroughly than the less abundant picoeukaryotes (34), 396 which is consistent with our findings. Furthermore, the absence of taxa from suitable 397 habitats that are separated by large distances is expected to be more pronounced in 398 picoeukaryotes than in prokaryotes. Still, our analyses compare actual species 399 distributions against those that would be expected by chance when considering species 400
abundances, suggesting that species-abundance is not the main reason of dispersal 401 limitation in picoeukaryotes. been reported yet for picoeukaryotes (11) and this may partially explain their limited 408 dispersal. Regarding prokaryotes, other studies considering large geographic scales 409 indicated that dispersal limitation has a small influence in the structure of marine 410 communities (51, 52, 76), which is coherent with our results. Dormancy in prokaryotes 411 seems to be more common than in picoeukaryotes (11, 31), and this may allow the 412 former to disperse more thoroughly by reducing their metabolisms when moving 413 through unfavorable habitats (77). In sum, our quantifications of dispersal limitation 414 agree, in general terms, with known trends in both picoeukaryotes and prokaryotes. 415
The importance of drift or neutral dynamics (20) in structuring microbial 416 communities is also a matter of debate (23, 78). Our results indicate that drift has a 417 modest role in structuring the sunlit-ocean microbiome, being higher in prokaryotic 418 (~31% of the turnover) than in picoeukaryotic communities (~6% of the turnover). 419
Another study also found a higher importance of drift in determining the community 420 structure of bacteria when compared with phytoplankton populating freshwater and 421 brackish habitats (79). In contrast, drift was the prevalent community-structuring 422 mechanism in unicellular eukaryotes populating lakes in a relatively small geographic 423 area that features a strong salinity gradient, having a low importance for the structuring 424 of prokaryotic communities (49). Likely, the relative importance of drift in structuring 425 prokaryotes or unicellular eukaryotes is dependent on the selective strength of specific 426 habitats, the occurrence of adaptive processes (49) or barriers to dispersal. 427
When geographic distance is correlated with environmental variation, a decrease 428 in community similarity with distance (distance decay) can be the manifestation of both 429 selection and/or dispersal limitation (24). Distance decay has been evidenced in diverse 430 studies focusing on the surface and deep ocean microbiome (52, 80, 81). Yet, different 431 to most previous studies, we have quantified the role of selection and dispersal 432 limitation in structuring the surface ocean microbiome, and we can use this information 433 to interpret the measured distance decay. As our quantifications indicated a strong 434 dispersal limitation in picoeukaryotes, it is likely that this process explains the measured 435 distance decay. In contrast, the distance decay observed in prokaryotes could be the 436 outcome of both selection and dispersal limitation, as both presented comparable 437 structuring roles. The amount of community variance in prokaryotes and picoeukaryotes 438 associated to provincialism (i.e. Longhurst oceanic regions) likely reflects dispersal 439 limitation, since the effects of important environmental variables were removed during 440 the analyses. Interestingly, another study investigating surface marine bacteria along 441 ~12,000 km in the Atlantic Ocean found that provincialism explained an amount of 442 community variance comparable to our results (52). Furthermore, a study of the 443 eukaryotic microbiome in the sunlit global-ocean indicated that provincialism 444 (considered in terms of ocean basins) was one of the most important variables 445 explaining community structure (67). In the light of our findings, we consider that 446 results from the previous study (67) manifest, to a large extent, dispersal limitation. 447
In the surface ocean, drastic changes in species composition across space may 448 point to strong changes in abiotic selection, as expected to occur across oceanographic 449 fronts (82, 83), or high immigration from the surface or deeper water layers. We Altogether, our results represent a significant contribution towards 460 understanding the structure of the sunlit-ocean microbiome by connecting patterns to 461 underlying ecological processes (24). Our findings indicate that comprehending the 462 idiosyncrasies of the main components of microbiomes is needed in order to attain a 463 holistic understanding of their structures and ecologies. In particular, our results suggest 464 that the structure of surface-ocean prokaryotic communities could be more susceptible 465 to global warming than that of picoeukaryotic communities. Prokaryotes represent an 466 important fraction of the total microbial biomass in the ocean (84, 85), and they have 467 fundamental roles for ecosystem function (1, 2). Therefore, understanding the specific 468 effects of temperature in their distributions and community metabolism (27) Reads were processed following an in-house pipeline (95). Briefly, raw reads 502 were corrected using BayesHammer (96) following Schirmer et al. (97) . Corrected 503 reads were merged with PEAR (98) and sequences >200bp were quality-checked and 504 de-replicated using USEARCH (99). Operational Taxonomic Units (OTUs) were 505 delineated at 99% similarity using UPARSE V8.1.1756 (100). To obtain OTU 506 abundances, reads were mapped back to OTUs at 99% similarity. Chimera check and 507 removal was performed both de novo and using the SILVA reference database (101). 508
After our stringent quality control (see Supplementary Information) , a total of 42,505 509 picoeukaryotic and 10,158 prokaryotic OTUs were obtained. Taxonomic assignment of 510 picoeukaryotic and prokaryotic OTUs was generated by BLASTing (102) 
General analyses and phylogenetic inferences 524
Both picoeukaryotic and prokaryotic datasets were sub-sampled to 4,060 reads 525 per sample using rrarefy in Vegan (103), resulting in sub-sampled tables containing 526 18,881 picoeukaryotic and 7,025 prokaryotic OTUs. All OTUs with mean relative 527 abundances above 0.1% and below 0.001% were defined as regionally abundant or rare 528 respectively (104). Phylogenetic trees were constructed for both the 16S and 18S 529 datasets using OTU-representative sequences. Reads were aligned against an aligned 530 SILVA template using mothur (105). Afterwards, poorly aligned regions or sequences 531
were removed using Trimal (106). A phylogenetic tree was inferred using FastTree 532 diversity against the b-diversity that would be obtained if drift was driving community 559 turnover (that is, under random community assembly). The randomization was run 560 9,999 times and only OTUs with >1,000 reads over the entire dataset were considered in 561 order to prevent any bias due to potential under sampling. RCbray values between -0.95 562 and +0.95 point to a community assembly governed by drift. On the contrary, RCbray 563 values > +0.95 or < -0.95 indicate that community turnover is driven by dispersal 564 limitation or homogenizing dispersal respectively (116). The previous framework was 565 applied as following: First, we determined the proportion of community pairwise 566 comparisons displaying a |bNTI| > 2, which points to the action of selection. 567
Subsequently, for the pairwise comparisons that did not indicate the action of selection, 568
we calculated the proportion of total comparisons that could be assigned to dispersal 
Associations between taxa and environmental parameters 585
We analysed whether OTUs had differential associations with environmental 586 parameters as well as between themselves using different algorithms. Firstly, we used 587 analyses were run using CV=0.5, B=0.6, and statistically significant relationships with 595 MIC ≥0.4 (Malaspina) or MIC ≥0.5 (TARA) were considered; significance was 596 assessed using precomputed p-values (38). Non-linear associations were defined as 597 MIC-⍴ 2 >0.2 (38). Secondly, we constructed association networks with the Malaspina 598 dataset considering OTUs with >100 reads using SparCC (117) as implemented in 599
FastSpar (118). To determine correlations, FastSpar was run with 1,000 iterations, 600
including 1,000 bootstraps to infer p-values. We used OTU associations with absolute 601 correlation scores >0.3 and p<0.01. Networks were visualized with Cytoscape (119) and 602 their properties determined using igraph (120 
